The design and implementation of an asymmetrical Doherty power amplifier are discussed, where two Cree GaN High Electron Mobility Transistors (HEMTs) devices are used for designing an asymmetrical Doherty power amplifier to achieve saturated power of 48 dBm and optimal back-off efficiency of 8 dB in the frequency band of 3.3-3.5 GHz. Rogers RO4350B material is used as a substrate material, a back-off of 8 dB was achieved with an average gain of 10 dB. Load-pull data are an important tool for determining the optimum load impedance that the transistor needs to see. Additionally, the measured efficiency was 50% when the designed amplifier was tested by a modulated signal of 8 dB peak-to-average-power ratio when the average output power was 40 dBm. At the same time, the linearity of the designed amplifier was measured and found 31.8 dB which can be improved using a digital pre-distorter. The gain phase measurement can be used as an indicator for compensating the phase difference between the two cells.
Introduction
Current and future mobile communications need to deal with high data and video traffic which needs to be transmitted within a limited bandwidth, mainly because the user is now more attracted by the social media contents, online gaming, and video streaming, as well as the Internet of Things (IoTs) technology revolution. So, the LTE-Advanced generation (5G) targets can be achieved by using several technologies. Some of these technologies are beam forming, carrier aggregation, massive MIMO, and more complex modulation schemes, where the modulated signal will have a high signal envelope that increases the peak to average power ratio (PAPR). With simple amplifiers, there is inevitably a trade-off between high efficiency and linearity. So, to keep the linearity requirements of any communications standard, the amplifier device has to be backed off from the saturation point (most efficient point) due to high PAPR, into a region where most of the average input signal occurs, because at this region, the efficiency of the amplifier drops sharply. Working in the back-off region of the power amplifier means a significant amount of the DC power will be lost as heat, which means that less efficiency will be achieved [1] . Modern power amplifiers should be designed to deal with high input PAPR, so that, it should work with a large output power back-off (OBO) with high efficiency. Known techniques for efficiency enhancements include the Doherty power amplifier (DPA), Envelope Elimination and Restoration (EER), Envelope Tracking (ET), Chireix Out-phasing and Linear amplification using Nonlinear Components (LINC). However, the most straightforward technique of obtaining good efficiency and linearity concurrently is the Doherty amplifier, where neither signal processing blocks nor additional controlling circuits are needed [2] [3] [4] [5] [6] [7] [8] .
In this paper, Section 2 presents the Doherty concepts, after which design steps will be discussed in Section 3. Section 4 will show the results obtained for an example of an asymmetrical Doherty power amplifier applicable to a 5G base station, and finally, conclusions will be given.
Doherty Concept
In 1936, W. H. Doherty introduced a new combiner [4] which was used in a broadcasting station based on high power tube amplifiers. The output of two amplifiers can be combined to achieve a nearly linear final output power by using λ/4 transmission lines. Two amplifiers, which are the carrier (main) amplifier and the auxiliary (peaking) amplifier, are used in the classical Doherty power amplifier as illustrated in Figure 1 . The main difference between the two amplifiers is their bias condition, where a class AB amplifier is used for the carrier amplifier and a class C amplifier is used for the auxiliary amplifier biasing. At the input side, a power divider is applied to the split input signal between the two amplifiers, where at the back-off input power level, the carrier amplifier should be saturated. Above this level, the auxiliary amplifier injects a current to the load until maximum designed output powers of both amplifiers are reached where the saturation occurs. technique of obtaining good efficiency and linearity concurrently is the Doherty amplifier, where neither signal processing blocks nor additional controlling circuits are needed [2] [3] [4] [5] [6] [7] [8] .
In 1936, W. H. Doherty introduced a new combiner [4] which was used in a broadcasting station based on high power tube amplifiers. The output of two amplifiers can be combined to achieve a nearly linear final output power by using λ/4 transmission lines. Two amplifiers, which are the carrier (main) amplifier and the auxiliary (peaking) amplifier, are used in the classical Doherty power amplifier as illustrated in Figure 1 . The main difference between the two amplifiers is their bias condition, where a class AB amplifier is used for the carrier amplifier and a class C amplifier is used for the auxiliary amplifier biasing. At the input side, a power divider is applied to the split input signal between the two amplifiers, where at the back-off input power level, the carrier amplifier should be saturated. Above this level, the auxiliary amplifier injects a current to the load until maximum designed output powers of both amplifiers are reached where the saturation occurs. The active load-pull technique is used in the Doherty amplifier [1] . Three regions of operation can be observed which are: The low input power region, where the auxiliary amplifier is off due to its biasing condition and the input power level is not enough to turn it on, whereas the carrier amplifier is working. In this case, the auxiliary amplifier can be represented as high impedance (ideally open circuit). Hence, a high load impedance will be seen by the carrier amplifier as a result of the λ/4 transmission line effect (Impedance Inverter). In this case, the carrier amplifier will be saturated as illustrated in Figure 2a . The impedance seen by the carrier amplifier is given by:
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where:
Z 1 : Impedance seen by the carrier amplifier. Z T : Impedance characteristic of the inverter. R L : Impedance the load. 
where: ∶ The impedance seen by the auxiliary amplifier. : The current after the λ/4 transmission line. : Current of the auxiliary amplifier. The third region (the high input power region), where the carrier and auxiliary amplifiers give their maximum output current, and the impedance is seen by both carrier and auxiliary amplifiers, depends on Equations (2) and (3) . Figure 3 shows the behaviour of the voltage and current of the Doherty amplifier [1] . It can be observed that after the OBO point, the carrier amplifier output voltage remains constant but its current increases, whereas the auxiliary amplifier is off until near the OBO point where after that, it starts injecting the current. The medium input power region, where the auxiliary amplifier turns on and starts acting as an additional current source by contributing more current into the load and where the overall output power will be increased, is shown in Figure 2b . The apparent load impedance seen by the inverter, at the summing node, will be increased as the auxiliary amplifier current increases. Hence, the carrier amplifier will see less impedance, but it remains almost saturated. In this case, the total output power will be increased as the total current is increasing, as illustrated by these equations:
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: Current of the auxiliary amplifier. The third region (the high input power region), where the carrier and auxiliary amplifiers give their maximum output current, and the impedance is seen by both carrier and auxiliary amplifiers, depends on Equations (2) and (3). Figure 3 shows the behaviour of the voltage and current of the Doherty amplifier [1] . It can be observed that after the OBO point, the carrier amplifier output voltage remains constant but its current increases, whereas the auxiliary amplifier is off until near the OBO point where after that, it starts injecting the current. 
Doherty Amplifier Design
Generally, a power amplifier circuit can be divided into three sub-circuits, which are the stability circuit, input matching, and output matching network. Stability is an important parameter, that should be considered firstly, in designing any power amplifier so that no oscillation can occur. The input matching network is used for controlling the gain flatness over the intended frequency range; whereas the output matching network can be optimized to a trade-off between the maximum output power and the utmost efficiency, where load-pull technique should be applied to determine the optimum impedance. As mentioned above, the biasing conditions of both amplifiers are the main difference in their design.
In terms of the Doherty design, the output back-off of the complete amplifier is controlled by the compressed power ratio (δ) of the auxiliary amplifier to the carrier amplifier. This ratio can affect:
•
The average power •
The optimum PAPR of the intended signal.
The sum of the peak output powers of both amplifiers gives the maximum achievable power (peak power), whereas the output back-off (average power) can be calculated using the following equation:
where δ is the power ratio between the maximum achieved power of the auxiliary amplifier to the maximum achieved power of the carrier amplifier.
In the design presented, GaN High Electron Mobility Transistors (HEMTs) were used for both carrier and auxiliary amplifiers, because GaN HEMT devices have smaller capacitance at both the input and output sides, due to their high transition frequency and small periphery. Current GaN HEMTs have high efficiency, good broadband performance, and high breakdown voltage, due to their properties such as wide bandgap, high carrier concentration, and electron saturation velocities. This technology is used in most modern PA designs for higher frequencies because it has given the designers a better ability to design an efficient broadband PA. A minor drawback is that biasing for this technology is more complex, where different voltage polarity should be applied at the gate and drain sides, with the negative gate bias being applied first to prevent high current flow. Here, two GaN power transistors are used for the carrier and the auxiliary amplifiers, their capabilities being 25 W and 45 W, respectively. For this case, the maximum achievable power will be 48 dBm, and according to Equation (4), the maximum back-off that can be achieved is 8.9 dB. In this study, 8 dB power back-off was the target.
The biasing of the auxiliary amplifier should be as class C, where the amount of class C deepness can be controlled by the gate voltage. Hence, this controls the starting point for an auxiliary amplifier for current injection, where the load-modulation occurs, where the input level will be reduced by the amount of class C gate voltage deepness.
In addition, the line offset might be used (depending on the auxiliary output matching impedance characteristics) in the Doherty amplifier between the summing node and the auxiliary amplifier, in order to produce a high impedance toward the auxiliary amplifier when it is off. For this design case, a line offset of 50 Ω characteristic impedance with an electrical length of 40.6 • is needed. Moreover, at the input of the auxiliary amplifier, an additional line offset is required to maintain the phase offset between the two amplifiers, due to the difference in the biasing condition.
Results
AWR MWO software (AWR Corporation, El Segundo, CA, USA) was used to perform the simulation, where the substrate material used in the design was Rogers RO4350B (Global Headquarters, Chandler, AZ, USA). After stabilizing both amplifiers, the load-pull analysis was performed in order to determine the optimum load impedance that the transistor needs to see, as shown in Figures 4 and 5 . It can be seen that the main amplifier needs to see a pure resistance of 6.5 Ω to give about 80%, whereas the peaking amplifier needs to see a complex load impedance of 3.5-2.8 Ω. After that, both amplifiers' circuits were designed and fabricated as shown in Figure 6 . The amplifiers are designed to work in 3.3-3.5 GHz, where the performance of each designed amplifier, in terms of gain, output power, power added efficiency (PAE) and drain efficiency, and are shown in After that, both amplifiers' circuits were designed and fabricated as shown in Figure 6 . The amplifiers are designed to work in 3.3-3.5 GHz, where the performance of each designed amplifier, in terms of gain, output power, power added efficiency (PAE) and drain efficiency, and are shown in After that, both amplifiers' circuits were designed and fabricated as shown in Figure 6 . The amplifiers are designed to work in 3.3-3.5 GHz, where the performance of each designed amplifier, in terms of gain, output power, power added efficiency (PAE) and drain efficiency, and are shown in Figure 7 for the carrier amplifier and Figure 8 for the auxiliary amplifier. It is cleared at the back-off, and afterward, the auxiliary amplifier starts injecting the current due to biasing condition. As mentioned previously, there is a need to add a line offset to the output of the auxiliary amplifier. Figure 9a shows the impedance seen from the summing point toward the auxiliary amplifier when the transistor is off. It can be noticed that after adding the line offset, high impedance has been achieved, as shown in Figure 9b . As mentioned previously, there is a need to add a line offset to the output of the auxiliary amplifier. Figure 9a shows the impedance seen from the summing point toward the auxiliary amplifier when the transistor is off. It can be noticed that after adding the line offset, high impedance has been achieved, as shown in Figure 9b . As mentioned previously, there is a need to add a line offset to the output of the auxiliary amplifier. Figure 9a shows the impedance seen from the summing point toward the auxiliary amplifier when the transistor is off. It can be noticed that after adding the line offset, high impedance has been achieved, as shown in Figure 9b . In terms of the small signal measurements, the gain phase measurement was used as a tool for illustrating and tuning the phase difference between the output of the two amplifiers. In the Doherty amplifier, there are two cases: The first is when only the main amplifier is working, and the other is when both amplifiers are working. The output signals of the amplifiers should be in-phase, so that both amplifiers' currents can be combined to perform the load-modulation at the summing point. Figures 10  and 11 show the Doherty amplifier gain phase (S 21 ) when only the carrier amplifier is working and when both amplifiers are ON. Respectively, it can be noticed that there is a minimal variation in the phase when both amplifiers are ON. This means that the output signals of both amplifiers are in phase. These measurements have been achieved by changing the biasing condition of the peaking amplifier so that the status of the peaking amplifier can be changed from OFF to ON.
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In terms of the small signal measurements, the gain phase measurement was used as a tool for illustrating and tuning the phase difference between the output of the two amplifiers. In the Doherty amplifier, there are two cases: The first is when only the main amplifier is working, and the other is when both amplifiers are working. The output signals of the amplifiers should be in-phase, so that both amplifiers' currents can be combined to perform the load-modulation at the summing point. Figures 10 and 11 show the Doherty amplifier gain phase (S21) when only the carrier amplifier is working and when both amplifiers are ON. Respectively, it can be noticed that there is a minimal variation in the phase when both amplifiers are ON. This means that the output signals of both amplifiers are in phase. These measurements have been achieved by changing the biasing condition of the peaking amplifier so that the status of the peaking amplifier can be changed from OFF to ON. In terms of the small signal measurements, the gain phase measurement was used as a tool for illustrating and tuning the phase difference between the output of the two amplifiers. In the Doherty amplifier, there are two cases: The first is when only the main amplifier is working, and the other is when both amplifiers are working. The output signals of the amplifiers should be in-phase, so that both amplifiers' currents can be combined to perform the load-modulation at the summing point. Figures 10 and 11 show the Doherty amplifier gain phase (S21) when only the carrier amplifier is working and when both amplifiers are ON. Respectively, it can be noticed that there is a minimal variation in the phase when both amplifiers are ON. This means that the output signals of both amplifiers are in phase. These measurements have been achieved by changing the biasing condition of the peaking amplifier so that the status of the peaking amplifier can be changed from OFF to ON. The measured performance of the designed Doherty power amplifier is shown in Figures 12  and 13 , where the designed amplifier achieved about 8 dB output back-off with an average efficiency of 50% at that region. Hence, it can be noticed that the total output power is increased by the current injected by the auxiliary amplifier. At the same time, the total gain of the Doherty amplifier is lower than the single ended amplifier due to the effect of the input splitter, and the fact that the peaking amplifier is OFF. The measured performance of the designed Doherty power amplifier is shown in Figures 12 and  13 , where the designed amplifier achieved about 8 dB output back-off with an average efficiency of 50% at that region. Hence, it can be noticed that the total output power is increased by the current injected by the auxiliary amplifier. At the same time, the total gain of the Doherty amplifier is lower than the single ended amplifier due to the effect of the input splitter, and the fact that the peaking amplifier is OFF. In terms of linearity, Figure 14 shows the designed Doherty output spectrum when a modulated signal with 8 dB PAPR is applied. The average output of the PA was 40 dBm and the efficiency achieved was 50%. It can be noticed that the Adjacent Channel Power Ratio (ACPR) is 31.8 dB which The measured performance of the designed Doherty power amplifier is shown in Figures 12 and  13 , where the designed amplifier achieved about 8 dB output back-off with an average efficiency of 50% at that region. Hence, it can be noticed that the total output power is increased by the current injected by the auxiliary amplifier. At the same time, the total gain of the Doherty amplifier is lower than the single ended amplifier due to the effect of the input splitter, and the fact that the peaking amplifier is OFF. In terms of linearity, Figure 14 shows the designed Doherty output spectrum when a modulated signal with 8 dB PAPR is applied. The average output of the PA was 40 dBm and the efficiency achieved was 50%. It can be noticed that the Adjacent Channel Power Ratio (ACPR) is 31.8 dB which In terms of linearity, Figure 14 shows the designed Doherty output spectrum when a modulated signal with 8 dB PAPR is applied. The average output of the PA was 40 dBm and the efficiency achieved was 50%. It can be noticed that the Adjacent Channel Power Ratio (ACPR) is 31.8 dB which can be corrected by a pre-distorter in order to satisfy the communications systems specifications. The linearization performance of the pre-distorter depends on the transistor nonlinear parameters such as the AM/PM response and the memory effect. A good indication of reducing the memory effect is the symmetry performance of the adjacent channels. The achieved results, compared with other works over the same frequency band, are presented in Table 1 . can be corrected by a pre-distorter in order to satisfy the communications systems specifications. The linearization performance of the pre-distorter depends on the transistor nonlinear parameters such as the AM/PM response and the memory effect. A good indication of reducing the memory effect is the symmetry performance of the adjacent channels. The achieved results, compared with other works over the same frequency band, are presented in Table 1 . 
Conclusions
The simplest way of providing a good efficiency at the output back-off region is the Doherty power amplifier, which depends on the load modulation at the summing point, where there are no additional circuits required. The simulated and measured performance of the asymmetrical Doherty amplifier was shown; an 8 dB OBO, with 40 dBm average power at 3.3-3.5 GHz was achieved. The Doherty power amplifier suffers from a lower gain due to the off state of the peaking amplifier and the input power splitter which reduces the input power level. The offset lines are needed for compensating the impedances and adjusting the phase difference between the two cells. The gain phase measurement provides a good indication about the power combination between the two amplifiers at the summing point, where the load modulation occurs. The average measured Doherty 
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